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A 490 bp DNA fragment was amplified from ~crharrosorcinu borkeri genomic DNA by the polymcrase chain reaction (PCR) using oligonucico~ide 
primers designed based on consencd amino acid scqucnccs of the F,-ATPasc@ subunits. The amino acid sequence deduced from the DNA scqucncc 
of’ this fragment was highly homologous to a portion of the F,-ATPasc ,8 subunit. This indicates that this archacbaclerium has a gene of F-type 
ATPasc in addition to a gcnc of V-typ A’Wase. 
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1. INTRODUCTION 
The H’-ATPase synthesizes ATP using an electro- 
chemical proton gradient generated by an electron 
transport chain and has been considered to play an 
essential role in energy metabolism. Until recently it was 
thought that H*-ATPases from any organisms have the 
similar structural and functional features and they are 
designated as F,F,-ATPase. However, this concept was 
modified by the finding that ATPases from 
archaebacteria [l!, such as Mecftanosarcirta barkeri [2,3], 
Su/$olobus acidocaldarius [495], and ffaiobacreriurn ltalo- 
biurn [G], are only distantly related to F,F,-ATPase and, 
instead, are highly similar to eukaryotic vacuolar H’- 
ATPases [?I. It is now generally accepted that F,F,- 
ATPase and vacuolar ATPase are two subclasses of a 
superfamily of ATPases which do not form 
phosphorylated enzyme intermediates and that the for- 
mer, now often called as F-type ATPase, distributes 
among mitochondria, chloroplasts, and eubacteria and 
the latter, V-type ATPase, does among archaebacteria 
and eukaryotic vacuolar systems. Agreement of taxo- 
nomic border and distribution of F- and V-type 
ATPases has stimulated the argument for 
archaebacterial origin of eukaryotic vacuolar systems. 
However, it was soon found that distribution of V-type 
ATPase is not restricted to archaebacteria: a thermo- 
philic eubacterium Tltermus thrrmoplziius has a V-type 
ATPase [8,9] and an eubacterium ~!%rerococc~rs hirae 
has both types of ATPasc [ IO,1 11. These facts raise the 
possibility that restricted distribution of F-type 
ATPases in eubacteria and V-type ATPases in 
archaebacteria s not as strict as it used to be thought 
and that some archaebacteria may have V-type ATPase. 
In this communication, we report the amplification of 
a DNA fragment homologous to the F-type ATPase p 
subunit by the polymerase chain reaction (PCR) from 
Merhar~osarcina barkeri genomic DNA. 
2. EXPERlMENTAL 
2. I. DNA swrce and syheric oligorwcleorides 
At. bnrkcri was a kind gill from Dr. Y. Koga, University ofGccupa- 
tional and Enviromental Health. Genomic DNA from this organism 
was prepared as described in [12]. Gligonuclcolidc primen used for 
PCR and for DNA sequencing were synthesized using a DNA synthe- 
sizer (Applied Biosystem 38 1 A). Three oligonuclcotide primers (FLI, 
FL2 and FR) for PCR amplification wcrc dtiigncd based on highly 
conscrvcd regions of reported amino acid xquenccs of F-type ATPZGC 
/? subcnits. Specific features of their dcsiga arc given in section 
3. The primers for DNA scquenclng arc FL3 (5’. 
ATATCTAGAACGTACTCGTGAAGG-3’) and FR3 (5’. 
ATTGAATI’CATCAGCAGCAGGAACATA-3’). Underlined bases 
arc the addLti restriction sites, Xbrrl and EwRI, respectively, and 
sequences on the 3’ side or the restriction sites are the same as one of’ 
the degcncnte sequences of PCR primers, FL2 and FR, respectively. 
2.2. Polymeruse cliairz reacliort 
C?urr~s,~on&~c~ urkkw M. Yoshida, Rexarch Laboratory of Rc- 
sources UWution, ‘Tokyo Institute of Technology, Nagatsuta 4259, 
Yokohama, Japan 227. Fax: (81) (45) 922 5179. 
The reaction mixture (lOO@) for PCR contained 200 ng of trmplarc 
(M. barkeri gcnomic DNA), I ~hf of each primer (FRI and FL), I 
mM MgC&, 2.5 units ~‘crq DNA polymerasc (Promcga) in the bulTer 
provided by a Promcga kit (50 mM KCI, 10 mM Tris-l-W, pH 9.0 at 
25”C, 0.1% Triton X-100). PCR reactions wurc carried out Tar I min 
at 94OC, I min at WC, 1 min at 74OC and were repeated for 35 cycid 
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Fig. I. The amino acid scquunces of conserved region of F-type ATPasefl subunits and the dcsigll of PCR primers. The highly conserved regions 
among /3 subunits of F-type ATPases from various sources (bcvine mitochondrion. E, CO/~. R, ~~hrrrr~r, :t thcrmophilic Bm~iths strain PS3, spinach 
chloroplnst) are shown by white letters on a black background (F&3). The sequcncc of corresponding regions of the V-type ATPase of M. Ddwi 
is also shown above (V,cx). To achieve a complete mnlch whh the estimated scqucnce of AI. bWkcr/ genomic (template) DNA, degenerate sequences 
WCIY synthesized and used. FLI nnd FL?. is lell (Y-side. sense) primer and FR is right (3’~side, anti-sense) primer. 
(the linal step at 74°C was extended to IO min). The rcac[ion produfls 
were separated with a GB polyacrylamidc gel and visualized with 
ethidium bromide. The DNA fragment of interest was eluted from the 
gel ilnd used as tcmplale DNA for the second amplificiltion which was 
performed to decrease non-specific products. The reaction mixture 
(LOO ~1) for the second amplification contained 2 ng of the lcn-~plaic 
DNA, I PM of each primer (FR2 and FL), 2.5 units Tlrq DNA 
polymerase in the buffer provided by a Promega kit, and was repeated 
for 30 cycles (1 min at 94”C, I min at GO”C, I min at 74°C). 
Single strand DNA templates were prepared with the asymmelric 
PCR using FR3 and FL3 primers and the sequence was detcrmincd 
by Scqucnase version 2.0 (US l3iochem. Corp.) using [a-%]dCTP. All 
DNA segmenls were confirmed by sequencing both strands. In order 
to determine the sequences near the 3’ and 5’ terminals of amplified 
fragmenls. the fragments wcrc cloned into the f&RI and X/xl1 sites 
of pUCll9 vectors and universal sequence primers were used. 
2.4. Sur~rlrenr btorritlg 
The gcnomic DNA was digested with EcoRI. H~/xiIII or S.spl, 
applied on an agarose gel, blotted on 3 nylon membrane filler and 
hybridized with the DNA fragment of the second amplification [I 31. 
The biotin-labeling reactions was performed according to the BioNick 
Labeling System (Whcsda Research Laborntorics Life Technologies. 
Inc.). The DNA fragment corresponding to the amplilied region of 
gcnomic DNA was dctccted with the PhotoGene System (Bethesda 
Research Laboratories Life Technologies, Inc.). 
3. RESULTS 
3.1. PCR pritners 
The amino acid sequences that are appropriate to 
design the PCR primers should Fuliil two requirements 
to ensure the specificity of amplification: they should be 
well conserved among the F-type ATPases, but suf'fi- 
ciently different from the V-type ATPases. We com- 
pared F-type ATPase /? subunit sequences from various 
sources including bovine heart mitochondria [14], 
Esclzerichirr co/i [ 15,161, Rhnhspirillut~z rubrutn [ 171, a 
thermophilic fkili~rs PS3 [18], and spinach chloroplasts 
[19], and three regions ofthe sequence were chosen (Fig. 
1). The sequences of the srllected regions are almost 
common to any F-type ATPase /3 subunits but are sig- 
nificantly different from the V-type .ATPase c1 (57K) 
208 
subunit which is considered to be a corresponding sib- 
unit to F-type ATPase p subunit [4]. 
3.2. Atrlplificnriotz 
Using FL1 and FR primer, a 490 bp DNA fragment 
was amplified by PCR from M bcttkcri genomic DNA 
(Fig. 2, lane 1). The second PCR reaction was carried 
out using FR2, instead of FRl iu the first reaction, in 
order to confirm that the a!l?p!ified DNA fragment of 
the lirst PCR reaction really contained another se- 
quence common to F-type ATPase ,IS subunits. A 380 bp 
DNA fragment was amplified by the second PCR reac- 
tion (Fig. 2. lane 2). 
3.3. DNA utd rkchrceci atnitro mid sequences of rhr atn- 
pll~edJiYtgt?retl t 
The DNA sequence of the 380 bp fragment and the 
deduced amino acid sequence are given in Fig. 3. Tine 
GC content of the fragment is 43% which is close to the 
overall GC content of this bacterium (36-43%, [20]). 
The sequence contains an Sspl site (Fig. 3, underlined). 
Ml 2 
Fig. 2. PcIyr.crylamide gel elecvophoresis of amplified PCR fra&ment 
from M. btrrtwri. Primers used for amplification were FL1 and FR 
(lane I), FL:! and FR (lane 2), and FL3 and FR3 (lane 3). The 380 
5p DNA fragment (lane 3) digested with @I is shown in lane 4. 
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~~~~~~~~~~~G~~~~~~~~~O~~~~TAACQ~CTTGTGGAA~G~ATGA~~AGTCC~CG~T 
AM Asp Lw Trp AM Olu Wt Lya Glu f& City Vu 
ATCAACAA~ACAGCTCTC~TATAT~AC~TGAC17C 
lb AM Lya Thr Ats Lw VII Tyr Oly Qln Mot AM t-W Pm Fro t3y AR Aq Mat Mg 
110 140 150 160 110 180 
QTAGGTCTTACA~CCTTACAATGGCTGAATATTTCCGT 
YPI Qy Leu Thr Gly Imu Thr Mot Ah Glu Tyr Pha Arg m VII Lya Lya Gh Amp %I 
190 200 210 210 210 210 
CTCTTGTTCATTGATAACATATTC~CTTTATCCAAQC~TTC~AAQTATCCGCCCTC 
LOU Lau Phe tb rUp Aan lb Phcr Arg Phs lb Gin Ab Gly 6or 6% Val sot AIn Mu 
25.0 260 270 280 PSO 100 
TTAQQTCGTATGCCATCTGCCGTAGGTTACATCA 
Lou Gly Aq Mot Fro &f Ala VA Gly Tyr Gin Pro Thf la AIn MI rUp VII @Sty Ala 
310 1.?0 330 340 350 180 
TTGCAAGAACGTATAACATCTACA~AGAAGGTTCTATTACCTCCGTAC~GCTGTAt~l 
Leu Qtn Qlu Aqg lb Thr SW Thr Lys Glu Gly Ger lb Thr Sor VII Gin Ab Vu 
370 380 
gttcatgotgatgaartcaat 
Fig. 3. Partial nuclcotidc sequence of the amplified 380 kbp DNA fragment and deduced amino acid sequence. The underlined sequence is the 
restriction site of .%~I. 
Consistently, when the amplified fragment was digested 
with S@, it was divided into two fragments (Fig. 2, lane 
4). The deduced amino acid sequence shows strong sim- 
ilarity to the equivalent region of F-type ATPase p sub- 
units but not to V-type ATPases 57K subunits (Fig. 4). 
Therefore, we conclude that the amplified DNA frag- 
ment is a part of the F,-ATPase B subunit gene. 
3.4. Southern biottitrg 
Since we hzvc repeated the whole procedures using 
different cultures of M. barkeri and obtained the frag- 
ment with the same base sequence ach time, the possi- 
bility that the amplification was due to accidentally con- 
taminating DNA is very small. Furthermore, M. bark- 
eri genomic DNA digested with EcoRI, HirzdIlt or SspI 
was subjected to Southern blot analysis using the 380 
bp DNA fragment as a probe. As shown in Fig. 5, M. 
barkeri genomic DNA digested with EcoRi and Hind111 
had a single positive band. Consistent with the deter- 
mined base sequence of the 380 bp fragment, two posi- 
tive bands appeared when the DNA was digested with 
SspI. Therefore, the possibility that the fragment was 
amplified from contrminated DNA is very unlikely. 
4. DISCUSSION 
The F-type ATPases have been found in a variety of 
eubacterium and eukaryotic mitochondria and chloro- 
plasts, but, in the archaebacterium kingdom, they have 
net so far been found. We have shown the amplification 
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Fig. 4. Alignment of amino acid sequences of F-type ATPase /3 subunits from various sources and the cc (57K) subunit of V-type ATPase from 
M. bnrkeri. The region corresponding to the amplifid 380 kbp DNA fragment from M. barktrri (Mb FPI) is shown. Sequence data wcrc taken from 
. s 
;~cf~:lo~~~a:;:cr~~~: B co..,,, fi l f~. F,L3, [16]). R. rtrbrrrm (Ar F& [I?‘]). bovine mitochondrion (Bm F/3, [ Irl]), spinah chloroplast (SC Fp, [19]). Amino 
acid residues identical with those from the M. burkerf DNA fragment are shown by white lcttcn on a black background. Time numbrrs ai iirr: ri&i:irt 
side of each sequence indicate those of amino acid residues. The corresponding region of M. burkeri V-type ATPnse u subunit is also shown for 
reference (MI!J Va). 
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Fig. 5. Gcnomic southern analysis of M. barkeri DNA using the 380 
kbp PCR fragment. A4. borkcri gcnomic DNA digested with f?cuRI, 
IlirrdIII. or Ssol wasclcctroohoresed. blotted. and hybridized *Nith the 
biotin-lnbel~‘anlplifcd 3Sb kb DNA fragtnent. The biotin-labeled 
/2DNA digested with Hind111 was used for the marker lane. The size 
of the DNA molecular weight markers (bp) arc indicated. 
of a DNA fragment from M. barkeri homologous Co 
typical F-type ATPase fl subunit genes. This suggests 
the strong possibility of the existence of F-type ATPase 
in the archaebacterium kingdom, although cloning of a 
full operon or purification of the F-type ATPase from 
this archaebacterium is necessary to eliminate the small 
possibility that it has only a part of the F-type ATPase 
operon and does not synthesize intact F-type ATPase. 
Isolation of a water-soluble part of V-type ATPase and 
cloning of genes encoding some of its subunits from M. 
barkeri were reported by Inatomi and his colleagues [3]. 
Therefore, this archaebacterium appears to have genes 
of two types of ATPases. Then, two questions arise. 
What are the physiological roles of the two types of 
ATPases in the cell, and why has the presence of F-type 
ATPasc not been recognized during procedures of Y- 
type ATPase purification? The recent finding that a 
eubacteriurn Enteroco~cus hirue also has two types of 
ATPase is very interesting in this context. Kakinuma 
and his colleagues uggested that the F-type ATPase of 
E. hirue is a H’-ATPase and V-type ATPase is a Na+- 
ATPase [ 111. The former is constitutively expressed but 
expression of the latter is induced at high Na* concen- 
tration in the culture medium. Probably the F-type 
ATPase of M. barkeri pumps a different ion than the 
[l4] Walker, J.E., Feurnley, I.M., Gay, N.J., Gibson, B.W., 
Northrop, F.D., Powell, S.J., Runswick, M.J., Saraste, !vl. and 
Tybulcwicz. V.L.J. (1985) J. Mol. Biol. 184. 677-701. 
[I51 
1161 
1171 
1181 
1191 
[201 
Walker, J.E., Sara&, M. and Gay, N.J. (198i)Biochim. Biophys. 
Acta 768, 164-200. 
Walker, J.E., Gay, N.J., Sarastc, M. and Eberle, A.N. (1984) 
Biochcm. J. 224, 799-815. 
Falk, G., Hampc, A. and Walker, J.E. (1985) Biochem. J. 228, 
391-407. 
Kagawn. Y., Ishizuka, M., Saishu, T. and Nakno, S. (1986) J. 
Biochem. 100, 923-934. 
Zurawski, G., Battomley, W. and Whitfeld, P.R. (1982) Proc. 
Natl. Acad. Sci. USA 79,6260-62G4. 
Bergcy, D.H. (1984) Bergy’s Manual of Systematic Bacteriology, 
Vol. 3, Williams & Wilkins, Baltimore, 
V-type ATPasc and is synthesized only under the lim- 
ited condition. Concerning the evolutionary aspect of 
this finding, it is our view that, since distribution of 
F-type and V-type ATPases among prokaryote king- 
doms turns out to be not as simple as we used to think, 
exact distribution, sequence comparison, and in vivo 
function of F- and V-type ATPases in eubacteria nd 
archaebacteria should be clarified before profound ar- 
gument. 
Acknotvicdgetnenrs: We thank Dr. Y. Koga for kindly supplying hf. 
brtrkari Cells to us. 
REFERENCES 
[l] Woesc, CR. (1987) Microbial. Rev. 51, 221-271. 
[2] Inatomi, K. (1986) I. Bactcriol. 167, 837-841, 
[3] Inatomi, K., Eya, S.M.M. and Futai, M. (1989) J. Biol. Chem. 
264, 10954-10959. 
[4] Dcndu, K., Konishi, J., Oshima, T., Date, T. and Yoshida, M. 
(1988) 3. Biol. Chem. 263, 6012-6015. 
[S] Dendn, K.. Konishi, J., Oshima, T., Date, T. and Yoshida, M. 
(1988) J. Biol. Chcm. 263, 17251-17254. 
[6] Nanba, T. and Mukohata, Y. (1987) J. Biochcm. 102, 591-598. 
[7] Konishi, J., Dcnda, K., Oshima, T., Wakngi, T., Uchida, E., 
Ohsumi, Y., Anraku, Y., Matsumoto, T.T.W., Mukohata, Y., 
Ihara, K., Inatomi, K., Kato, K., Ohtn, T., Allison, W.S. and 
Yoshidn, M. (1990) J. Biochem. 108, 554-559. 
[8] Tsutsumi, S,, Denda, K., Yokoyama, K., Oshima, T,, Date, D. 
and Yoshida, M. (1991) Biochim. Biophys. Acta 109S, 13-20. 
[9] Yokoynma, K., Oshimn, T. nnd Yoshida, M. (1990) J. Biol. 
Chem. 265,21946-21950. 
[IO] Kakinuma, Y. and Ignrashi, K. (1990) in: Abstracts of l&h An- 
nual Meeting of Japan Biocncrgetics Group, Nagoya, pp. 32-33. 
[I I] Kakinuma, Y., Igarashi, K., Konishi, K. and Yamalo, I. (1991) 
FEBS Lctt. 292, 64-68. 
[I21 Jarrell, K.F., Fnguy, D., Heret, A.M. and KahnokotT, M.L. 
(1991) Cnn. J. Microbial. 38, 65-68. 
[13] Sambrook, J., Fritsch, E.F. and Manintis, T. (1989) Molecular 
Cloning: A Laboratory Manunl, 2nd edn., Cold Spring Harbor 
Laboratory, New York. 
210 
